The local photovoltage of the pn-junction single-crystalline silicon solar cells observed by spot light scanning gradually decreases in the vicinity of edges. 
Introduction
Defect states such as Si dangling bonds seriously degrade performance of Si solar cells even when their concentration is very low. Several defect passivation methods applicable to Si materials have been developed, e.g., hydrogen plasma treatment [1, 2] , forming gas annealing [3, 4] , deposition of a hydrogen-containing silicon nitride layer [4, 5] , wet-chemical passivation [6] , etc. We have also developed a method of defect passivation for semiconductor devices called cyanide method [7] [8] [9] [10] [11] [12] [13] which can simultaneously remove metal contaminants [14] [15] [16] [17] [18] [19] . The cyanide method simply includes immersion of Si materials in di-lute cyanide solutions such as HCN aqueous solutions at room temperature. Si-CN bonds formed from Si dangling bonds by the cyanide method are stable at high temperatures (e.g., 800°C) and under irradiation of visible and UV lights, resulting in thermal and irradiation stability of the cyanide method [9] .
In the present study, a simple method, i.e., measurements of a photovoltage generated by irradiation with a monochromatic laser spot, has been used to elucidate the distribution of defect states. The defect states present in the surface region and the edge region are passivated by the cyanide method. 
Experiment
pn-junction single crystalline Si (c-Si) wafers with mattextured structure were cut into 25.4 × 25.4 mm 2 pieces and cleaned using the RCA method [20] . ∼1 µm thickaluminum (Al) electrodes were formed on the rear Si surface using the vacuum evaporation method. Then, front silver (Ag) electrodes were formed by screen-printing Ag paste, followed by drying at 150°C and heating at 690°C in the mixed gas of oxygen and nitrogen. For the heat treatment, oxygen and nitrogen flow rates were set at 0.1 and 0.9 dm 3 /min, respectively. The cyanide method was performed by immersion of the Si specimens in a 0.1 M HCN aqueous solution with pH in the range between 9 and 10 for 3 min at room temperature, followed by rinse in ultra-pure water. pH of the solutions was regulated by addition of tetramethyl ammonium hydroxide solutions. For some specimens, the edge region was etched locally with 30wt% KOH aqueous solutions (KOH treatment), followed by heating at 90°C for 30 s [21] . Photocurrent-photovoltage (I − V ) curves were measured under AM 1.5 100 mW/cm 2 irradiation using a DC voltage/current source. The local photovoltage measurements were performed under irradiation by a 5 mW laser diode with the wavelength of 655 nm. The laser beam was focused on the sample surface by a pin-hole and condensing lenses; the beam size on the sample surface was 0.3 mm in diameter. Position-dependence of the photovoltage was measured by moving a sample stage every 0.03 mm in the vertical direction with respect to the laser beam. 2 shows the local photovoltage measured from a center bus bar electrode to a cell edge for the solar cell with and without passivation by the cyanide method. The photovoltage was nearly constant up to 11 mm from the center electrode, and gradually decreased in the vicinity of the edge (i.e., in the region less than 2 mm from the edge). The photovoltage was increased by the passivation, especially the increase in the edge region being noticeable. The decrease in the photovoltage near the edge region is attributable to defect states, as described later. Fig . 3 shows I − V curves of the pn-junction Si solar cells in which the edge regions were shadowed in order to avoid generation of electron-hole pairs there. When the shadow area was 2 mm or less from each edge, both the fill factor and the energy conversion efficiency increased with increasing the shadow area, as listed in Tab. 2. With more shadowing, both the fill factor and the energy conversion efficiency decreased.
Results
The solar cell characteristics were measured before and after etching off the edge region by the KOH treatment (30wt% KOH aqueous solutions at 90°C for 30 s) (Tab. 3). After etching off the edge region by 0.1 mm, the fill factor and the energy conversion efficiency were increased by 3.31 and 3.67%, respectively. 
Discussion
Under illumination, the current density, J can be expressed as a sum of a photocurrent density, J , and a dark current density, J [22] ,
in which J is given by the sum of several current components:
where J 0 and are the dark saturation current density, and the ideality factor, respectively, for the -th component and V is the photovoltage. It is likely that the dark current in the non-edge region is composed of only the minority carrier diffusion current which possesses an ideality factor of unity;
where J 0 min is the minority carrier diffusion dark saturation current density. The local photovoltage in the edge region is lower than that in the non-edge region, which is likely to be due to the recombination current in addition to the diffusion current:
where denotes the position in the edge region. For the recombination current, 2 is the most probable value for the ideality factor, [22] . Since the local photovoltage was measured at the identical photocurrent density for both the edge and non-edge regions, we have where V is the local photovoltage in the non-edge region. From Eq. (5), J 0 is expressed by Fig. 4 shows J 0 which is calculated using Eq. (6) and 8.19 µA/cm 2 for J 0 min obtained from the y-axis intercept of the semi-log plot of the dark current density vs. voltage in the reverse bias region. The plot clearly shows that J 0 increases in the edge-region. It should be noted that the recombination current density is proportional to the density of defect states, and thus, the defect density possesses the same spacial distribution. With the defect passivation by the cyanide method, the increase in J 0 is suppressed in the edge region, indicating that the cyanide method can passivate defect states there. When the shadowing distance from the edge is less than 2 mm, the energy conversion efficiency increases (cf. Fig. 3 and Tab. 2). The length of 2 mm is in accordance with the region where the local photovoltage decreases (Fig. 2) . Therefore, it can be concluded that the shadowing avoids photo-generation of electrons and holes in the defective region in which they easily recombine. With a further increase in the shadowing area, the energy conversion efficiency decreases, mainly due to a decrease in the opencircuit photovoltage, V OC . V OC is expressed by a ratio between J and J 0 :
An increase in the shadowed area decreases J while J 0 is not affected by the shadowing. Therefore, the shadowing of non-defective area decreases J /J 0 , leading to a decrease in V OC . It is expected that removal of edge regions with high density defects improves solar cell characteristics. However, as listed in Tab. 3, the cell characteristics cannot be improved effectively by removing only the edge regions (removal area: 9.2 mm 2 ) using the KOH treatment. On the other hand, the defect passivation by the cyanide method performed on the whole cell surface can improve the cell characteristics more effectively because defect states present in the edge region and the surface region are both eliminated (cf. Tab. 1).
Conclusion
The spacial distribution of the defect state density in the solar cells has been obtained by measurements of the local photovoltage generated by the laser beam, and the following results and conclusions are obtained.
(1) The density of defect states increases towards the edges of the solar cells.
(2) The cyanide method, i.e., immersion of solar cells in HCN aqueous solutions, can passivate defect states and consequently increases the local photovoltage, leading to increases in the fill-factor and the energy conversion efficiency.
